Batch and column studies for the adsorption of chromium(VI) on low-cost Hibiscus Cannabinus kenaf, a green adsorbent by امیدوار برنا, محمد et al.
Journal of the Taiwan Institute of Chemical Engineers 68 (2016) 80–89 
Contents lists available at ScienceDirect 
Journal of the Taiwan Institute of Chemical Engineers 
journal homepage: www.elsevier.com/locate/jtice 
Batch and column studies for the adsorption of chromium(VI) on 
low-cost Hibiscus Cannabinus kenaf, a green adsorbent 
Mohammad Omidvar Borna a , Meghdad Pirsaheb b , Mehdi Vosoughi Niri c , d , Reza Khosravi 
Mashizie e , Babak Kakavandi c , d , Mohammad Reza Zare f , Anvar Asadi b , ∗
a Department of Environmental Health, Gharb Petroleum Industry Health Organization, Kermanshah, Iran 
b Department of Environmental Health Engineering, Faculty of Public Health, Kermanshah University of Medical Sciences, Kermanshah, Iran 
c Department of Environmental Health Engineering, School of Health, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran 
d Student Research Committee, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran 
e Bardsir Health Center, Kerman University of Medical Sciences, Kerman, Iran 
f Department of public health, Evaz school of health, Larestan school of medical sciences, Larestan, Iran 
a r t i c l e i n f o 
Article history: 
Received 7 May 2016 
Revised 8 September 2016 
Accepted 20 September 2016 
Available online 4 October 2016 
Keywords: 
Hibiscus Cannabinus kenaf 
Hexavalent chromium 
Batch adsorption 
Fixed-bed column 
Regeneration eﬃciency 
a b s t r a c t 
Adsorption is one of the excellent ways for heavy metal removal from aqueous solution because of advan- 
tages like the low cost, availability, proﬁtability, ease of operation and eﬃciency. In this study, adsorption 
potential of a low cost adsorbent Hibiscus Cannabinus kenaf was investigated for Cr(VI) removal from 
water using batch and continuous mode experiments. Optimum removal of Cr(VI) ions was occurred at 
pH 7. The kinetic results showed that the Cr(VI) removal followed intraparticle diffusion kinetics with a 
correlation coeﬃcient greater than 0.94. The adsorption isotherms of Cr(VI) could be described very well 
by both the Langmuir and Freundlich equations ( R 2 = 0.997). The maximum Cr(VI) uptake was found to be 
582 μg/g in Langmuir model. Column studies have been carried out to compare these with batch capac- 
ities. The Yoon–Nelson and Thomas models were found appropriate for description of the breakthrough 
curve, whereas the Bohart–Adams model was not match very well. The recovery of Cr(VI) and chemical 
regeneration of the spent kenaf have also been studied. The high Cr(VI) adsorption capacity and regener- 
ation eﬃciency of kenaf suggests it as a promising alternative for heavy metal removal specially at near 
circumneutral pH. 
© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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u  1. Introduction 
Nowadays heavy metals are among the most important pollu-
tants in source and treated water, and are becoming a severe pub-
lic health problem [1] . Chromium (with various oxidation states,
i.e. Cr(III) and Cr(VI) and Cr(0)) is one of the hazardous heavy
metal for biotic and abiotic organisms especially Cr(VI) at concen-
tration higher than 0.05 mg/l act as carcinogenic agent in animals
and humans [2] . Cr(VI) attacks kidney, liver and lungs and ex-
hibited carcinogenic properties [3] . Hexavalent chromium (Cr(VI))
is very soluble in water and can form bivalent anions, such as
chromate ( CrO 2 −4 ), dichromate ( Cr 2 O 
2 −
7 
), and hydrogen chromate
in different pHs, which are much more toxic and hazardous than
Cr(III) [4] . Chromium has widespread industrial applications such∗ Corresponding author: Department of Environmental Health Engineering, Fac- 
ulty of Public Health, Kermanshah University of Medical Sciences, Kermanshah, Iran. 
Fax: + 98 21 22432037. 
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1876-1070/© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rs chromium plating, wood preservation, textile dyeing and pig-
entation, pulp and paper manufacturing, and tanning, which
ause large discharge it into the environment [5,6] . 
In recent years, several methods have been utilized for re-
oval of Cr(VI), including chemical precipitation, electrochemical
recipitation, oxidation/reduction, ion exchange, membrane sepa-
ation, ultraﬁltration, ﬂotation, solvent extraction, evaporation, re-
erse osmosis, foam separation, dialysis/electrodialysis, adsorption
nd biosorption [7] . Among the mentioned methods, adsorption is
n effective and versatile method for removing Cr(VI), particularly
hen with appropriate regeneration steps are included. However,
ith regeneration of the adsorbent the problem of sludge disposal
ill be solved and especially when a low cost adsorbent will be
sed the process could be economically and environmentally eﬃ-
ient [8] . Several recent publications utilized different low cost and
ocally abundantly available adsorbents for chromium(VI) removal
ncluding treated waste newspaper [9] , Melaleuca diosmifolia leaf
10] , bio-char [11] , wheat bran [12] , sugar beet pulp [13] rice bran
14] and Activated carbons [15] . One of the low cost adsorbent isights reserved. 
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f  Nomenclature 
A the cross-sectional area of the bed, cm 2 
B DR D–R constant (mol 
2 /kJ 2 ) 
C 0 the inﬂuent concentration, mg/l 
C t the eﬄuent concentration, mg/l 
C ad the concentration of metal removal, mg/l 
E mean adsorption energy (kJ/mol) 
h initial adsorption rate (mmol/(g •min)) 
k 1 ﬁrst-order rate constant of sorption (min 
−1 ) 
k 2 second-order rate constant of sorption (g/μg min) 
K L Langmuir isotherm constant (l/μg) 
K F Freundlich constant indicative of the adsorption ca- 
pacity of the adsorbent (μg/g) 
K id constant of intraparticle diffusion (g/μg min 
1/2 ) 
k Th the Thomas model constant, ml/min μg 
K BA Bohart and Adams kinetic constant (l/mg min) 
k YN the rate constant,/min 
m total total amount of metal ion sent to column, mg 
N 0 saturation concentration of the bed (mg/l) 
Q the volumetric ﬂow rate, cm 3 /min 
q 0 the adsorption capacity, μg/g 
q eq equilibrium metal uptake or maximum capacity of 
the column, μg/g 
q t amount of adsorbate sorbed on the sorbent surface 
at any time t (μg/g) 
q max mass of adsorbed solute completely required to 
saturate a unit mass of adsorbent (μg/g) 
q total the total mass of metal adsorbed, μg 
R universal gas constant, 8.314 (J/(mol •K)) 
T absolute temperature (K) 
t the total ﬂow time, min 
t total the total ﬂow time, min 
U 0 the superﬁcial velocity, cm/min 
V eff the eﬄuent volume, ml 
Z the bed depth of the ﬁx-bed column, cm 
ε Polanyi potential (J/mol) 
τ the time required for 50% adsorbate breakthrough, 
min 
enaf ﬁbers which is an annual dicotyledonous herb in the Mal-
aceae family and is related to cotton and okra [16] . This plant is
asily cultivated and grows well in the tropical regions like many
arts of Iran. Kenaf has been used for the adsorption of various
ollutants such as basic dye [17] , copper (II) [18] , nickel [19] and
uoride [20] from aqueous solutions. However, it has not been
sed for chromium removal yet. 
In this study, the Cr(VI) adsorption ability of a low-cost sorbent
amed Hibiscus Cannabinus kenaf was evaluated. For this, batch
nd continuous mode sorption experiments were conducted us-
ng Hibiscus Cannabinus kenaf as the sorbent. The effects of ini-
ial Cr(VI) concentration, pH value and contact time were exam-
ned. Attempts have also been made to understand the adsorption
inetics and mechanism of adsorption in both batch and contin-
ous operation. The sorption isotherms were described by using
angmuir and Freundlich isotherm models. The common dynamic
odels, i.e. Yoon–Nelson and Thomas were ﬁtted using nonlinear
egression analysis. 
. Materials and methods 
.1. Materials 
Dried Hibiscus Cannabinus kenaf ﬁbers as an adsorbent were
urchased from local market (Tehran, Iran). Analytical reagentrades of K 2 Cr 2 O 7 , NaOH and HCl were supplied by Merck (Ger-
any). 
.2. Preparation of adsorbent 
At ﬁrst, to remove the natural color of kenaf, 250 ml of bleach-
ng solution consisting of 5 wt.% of sodium hypochlorite and
odium hydroxide was added to 5 l of distilled water. Kenaf ﬁbers
ere cut to length of 1.2 and 1.9 m and immersed in bleaching so-
ution for about 10–15 min at room temperature and then washed
ith distilled water. After that, to enhance kenaf adsorption capac-
ty, it was soaked in 0.5 M HCl for 30 min and then mercerized by
oaking in 0.5 M NaOH for 30 min. ﬁnally, kenaf ﬁbers was rinsed
ith distilled water to obtain eﬄuent pH 7 and dried at 60 °C. 
.3. Batch equilibrium studies 
In order to study the effect of different controlling parameters
uch as pH, initial Cr(VI) concentration, and contact time on Cr(VI)
dsorption capacity of kenaf, batch sorption experiments were car-
ied out in 250 ml Teﬂon ﬂasks. A ﬁxed amount of adsorbent (2 g)
as added into 250 ml ﬂask containing 100 ml of Cr(VI) with dif-
erent concentration (0.5–10 mg/l) and then shaking in a rotary
haker at 100 rpm for 180 min at room temperature (23 ±2 °C). Ad-
orption isotherm were carried out with different initial concentra-
ions of Cr(VI) (0.5–10 mg/l) while maintaining the kenaf dosage at
 constant level (10 g/l) for 90 min at room temperature. For pH ef-
ect, an initial Cr(VI) concentration of 1 mg/l with adsorbent dose
f 3 g/l over a pH range of 3–11 were placed in a rotary shaker
or 90 min. NaOH (0.1 M) and HCl (0.1 M) were employed to adjust
he pH. Samples were withdrawn after a deﬁnite time interval and
ltered through Whatman No. 1 ﬁlter paper (0.45 μm). The resid-
al Cr(VI) analysis was performed with a UV–visible spectrome-
er (Perkin Elmer Lambda 25 UV/VIS spectrometer; Perkin Elmer,
orwalk, CT, USA) by using diphenyl carbazide as the complexing
gent. The absorbance of the pink complex formed solution was
ead at 540 nm [21] . The uptake ( q ) of Cr(VI) expressed as Cr(VI)
emoval per unit mass of kenaf (μg Cr/g) at time t was calculated
sing Eq. (1) 
 t = ( C 0 −C t ) V 
m 
(1) 
here C 0 and C t are the Cr(VI) initial and equilibrium concentra-
ion (mg/l) at time t , V is the solution volume (l), and m is the
dsorbent mass (g). All experiments were conducted in triplicate. 
.4. Regeneration of kenaf 
To recover the adsorbed Cr(VI) and to regenerate the adsorbent
s an important issue for further use desorption studies were car-
ied out. After saturation, the kenaf was washed with NaOH (0.5 M)
nd HCl (0.5 M) each for 30 min. simultaneously, the regenerated
dsorbent was also used and they results were compared. 
.5. Fixed-bed column studies 
The ﬁxed-bed column studies were carried out in a column
ade up Pyrex glass with 0.55 cm internal diameter and a total
ength of 25 cm. A known quantity of the Hibiscus Cannabinus was
acked in the column to yield the bed mass of 2.2 g and effective
epth of 15 cm. The inert beads were placed at the bottom and
op of the adsorbent. The bed volume was calculated to be 6 ml
nd column was operated in a down ﬂow mode. At ﬁrst, deionised
ater was passed through the column, and then, Cr(VI) solution
ith known initial concentration (0.5 mg/l) at pH 7.0 (optimum pH
or removing Cr(VI) using kenaf) at a ﬁxed ﬂow rate (2.2 ml/min)
82 M. Omidvar Borna et al. / Journal of the Taiwan Institute of Chemical Engineers 68 (2016) 80–89 
Fig. 1. Effect of pH on the removal of chromium by Hibiscus Cannabinus kenaf. 
Conditions: Cr(VI) = 1 mg/l; Kenaf dosage = 3 g/l; equilibration time = 90 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of agitation time on the adsorption of Cr(VI) onto kenaf. 
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k  was passed through the bed (Empty Bed Contact Time = 2.96 min).
The passing of chromium solution in the bed was continued until
there was no further adsorption. Samples were collected at various
time intervals and analyzed for residual Cr(VI) concentration. 
3. Results and discussion 
3.1. Effect of pH 
The initial solution pH has an important effect on Cr(VI) ad-
sorption because the pH of an aqueous medium will control the
magnitude of the electrostatic charges that inﬂuences on cation
and anion sorption from solution to the adsorbent [17] . The ef-
fect of pH was investigated for Cr(VI) adsorption at an initial Cr(VI)
concentration of 1 mg/l with adsorbent dose of 3 g/l over a pH
range of 3–11. The effect of pH is presented in Fig. 1 , which shows
the maximum adsorption was obtained at a pH of ca. 7 (73%), with
decreasing values on either side of this pH. The effect of pH on
the adsorption of metal is greatly related to the two main factors:
the chemistry of metal in solution and type and ionic state of the
functional group present in the adsorbent [22] . At acidic pH, the
predominant species of Cr are Cr 2 O 
2 −
7 
, HCrO −4 , Cr 3 O 
2 −
10 
and Cr 4 O 
2 −
13 
and at pH 8 CrO 2 −4 is stable and at pH range 3–6, the equilibrium
shifts to dichromate according to the following equation [23, 24] :
2 CrO 2 −4 + 2 H + → Cr 2 O 2 −7 + H 2 O (2)
On the other hand, the pH zpc (zero point of charge) of the adsor-
bent is at 7.1 which below this pH, the surface charge of the ad-
sorbent is positive and above this pH the surface charge becomes
negative. Thus, at pH lower than pH zpc , the surface of the adsor-
bent becomes favors for the uptake of Cr(VI) in the anionic form.
With increase in pH, the electrostatic repulsion between negatively
adsorbent surface and the anionic form of Cr(VI) increased and as
well as competition between OH − and chromate ions ( CrO 2 −4 ) in-
creased, which lead to gradually decrease in adsorption. At highly
acidic pH, there is a possibility that Cr(VI) is reduced to Cr(III),
which Cr(III) is weakly adsorbed in a lower pH range [25] . Similar
results were reported in the literature for the adsorption of basic
dye using acid treated kenaf ﬁber [17] and ﬂoride adsorption us-
ing modiﬁed kenaf [20] . Attaining the highest adsorption of Cr(VI)
at near circumneutral pH is great importance for full scale appli-
cation, because the pH of natural water is usually neutral, thus it
does not require pH adjustment before treatment. 
3.2. Adsorption kinetics 
The effect of contact time was evaluated in batch study con-
taining 100 ml of different initial Cr(VI) concentration, 2 g adsor-ent and initial pH of 7. Batch sorption kinetics is necessary for
he design of ﬁxed bed column. Adsorption kinetics was studied
or describing the rate of Cr(VI) ion adsorption, mechanism of ad-
orption, possible rate-controlling steps and evaluation the utility
f adsorbent for metal removal [26,27] . The effect of contact time
n Cr(VI) sorption capacity is shown of Fig. 2 . It can be seen that q e 
ncreases rapidly in ﬁrst 30 min of adsorption and then further in-
reases at a relatively slow rate at next 30 min, and ﬁnally reaches
quilibrium after approximately 90 min and after that no increase
n q e was observed. These adsorption data were analyzed and sim-
lated using four kinetic models including the pseudo-ﬁrst-order,
seudo-second-order, intra-particle diffusion and Elovich models. 
.3. Lagergren pseudo-ﬁrst-order and pseudo-second order kinetics 
The pseudo-ﬁrst-order and pseudo-second order kinetic models
re used commonly for determining the adsorption rate and analy-
is adsorption process. The linear forms of these equations are ex-
ressed as following: 
og ( q e − q t ) = log q e − k 1 t 
2 . 303 
(3)
t 
q t 
= 1 
k 2 q 
2 
e 
+ t 
q e 
(4)
here q t and q e (μg/g) are the adsorption capacity of kenaf in
ny time ( t ) and equilibrium; K 1 (min 
−1 ) is the rate constant of
he pseudo-ﬁrst-order model; and K 2 (g/μg min) is the rate con-
tant of the pseudo-second-order model. The experimental data
n Fig. 2 were ﬁtted with the linear form using Eqs. (3) and ( 4 )
nd results are shown in Fig. 3 a and b, respectively. The obtained
inetic parameters are presented in Table 1 . The value of corre-
ation coeﬃcient ( R 2 ) for Lagergren pseudo-ﬁrst-order model was
elatively low and the theoretical q e was not agreed well with ex-
erimental. These results indicated that Cr(VI) adsorption on ke-
af does not followed the pseudo-ﬁrst-order. The values of k 2 
nd q e 2, theor of the pseudo-second-order model were calculated
rom the intercept and slope of straight line plots of t/q t versus t
 Fig. 3 b) and presented in Table 1 . The calculated correlation coeﬃ-
ients ( R 2 ) were relatively high and theoretical q e were agreed well
ith the experimental equilibrium amounts. However, the small
ifference between the theoretical and experimental values of q e 
ay relate to the uncertainty inherent in obtaining the experimen-
al q e values. This suggests that the adsorption of Cr(VI) onto ke-
af is highly controlled by the chemisorption behavior probably re-
ated to exchange or sharing of electrons between cation groups of
enaf and anion groups of chromium(VI) [27,28] . The increased in
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Fig. 3. Kinetic plots for Cr(VI) adsorption (a) pseudo-ﬁrst-order (b) pseudo-second-order (c) Intra-particle model (d) Elovich model. 
Table 1 
Kinetic parameters for adsorption of Cr(VI) on kenaf. 
C 0 (mg/l) q e (exp) (μg/g) Pseudo-ﬁrst-order model Pseudo-second-order model 
K 1 ×10 −2 q e (theor) R 2 K 2 ×10 −4 q e (theor) h R 2 
0.5 21.8 5.2 38.2 0.882 10 28 0.94 0.827 
1 39.1 4.1 55 0.942 7 50 1.8 0.85 
2.5 82.6 4.2 141 0.834 2 112 3.1 0.756 
5 137.6 4.6 270 0.774 1 193 4.5 0.672 
10 195.1 4.7 425 0.710 0.7 286 6.5 0.638 
C 0 (mg/l) q e (exp) (μg/g) Intraparticle diffusion model Elovich model 
K id C R 
2 α β R 2 
0.5 21.8 2.5 1.3 0.940 1.4 0.13 0.963 
1 39.1 4.5 2 0.949 2.5 0.07 0.982 
2.5 82.6 9.2 7.1 0.972 4.7 0.03 0.938 
5 137.6 16 14.5 0.989 7.3 0.02 0.897 
10 195.1 23. 5 22.3 0.984 10.6 0.01 0.883 
q  
c  
t  
f
h
w  
o  
o  
c  
i
3
 
n   e with increasing of initial Cr(VI) concentration may related to de-
reased in mass transfer resistance of pollutant from bulk solutions
o adsorbent surface. The initial sorption rate ( h ) was calculated
rom the following relation [29] : 
 = k 2 q 2 e (5) 
here h is the initial sorption rate (μg/g min). From Table 1 , it was
bserved that initial sorption rate increased and pseudo-second-
r  rder-rate constant K 2 decreased with increase in initial Cr(VI) con-
entration. This indicated that the mass transfer rate of pollutant
mproved with increase in initial Cr(VI) concentration [30] . 
.4. Intra-particle diffusion model 
The intra-particle diffusion rate was used for further mecha-
ism of the Cr(VI) adsorption onto kenaf because its important
ate-limiting step especially when the process are carried out as
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Table 2 
Constant parameters and correlation coeﬃcients calculated for 
various adsorption models for Cr(VI) onto kenaf. 
Isotherm models Parameters R 2 
Langmuir q max K L R L 
582.3 0.06 0.001 0.997 
Freundlich K F n 
36 1 −25 0.997 
D–R B DR Q m E 
−6.5 ×10 −8 32 2.76 0.919 
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  batch operation mode [29] . The equation is expressed as follow: 
q t = k id t 0 . 5 + C (6)
where k id is intra-particle diffusion rate constant (μg/g min 
0.5 ), q t 
is the amount of Cr(VI) adsorbed at any time t (μg/g) and C is a
constant related to the extent of the boundary layer effect. The
amount of k id was obtained from the slope of the linear plot of
q t versus t . As can be seen in Fig 3 c, the plots were almost pass
through the origin (0,0) which indicated that the species diffusion
are the involved mechanism of adsorption and slop of linear curves
are the diffusion rate constants ( k id ) [31] . The intra-particle diffu-
sion model had the highest coeﬃcients ( R 2 > 0.94), which sug-
gested that the adsorption of Cr(VI) on kenaf was predominantly
intra-particle diffusion. Furthermore, the highest values of k id be-
tween the kinetic models was related to the higher swelling ra-
tio of the adsorbent, resulting in the formation of larger surface
area for Cr(VI) diffusion [27] . However, in a system with good mix-
ing, large particle sizes of adsorbent and low aﬃnity between ad-
sorbate and adsorbent, the intra-particle diffusion will control the
sorption process [32] . 
3.5. Elovich model 
The Elovich kinetic equation, was used at ﬁrst for describing
of gas adsorption phenomenon, nowadays is widely used to de-
pict the aqueous contaminants sorption by assuming strong het-
erogeneity of sorbent surface which is based on general second-
order-reaction mechanism [33] . The Elovich equation is expressed
as follow: 
q t = 1 
β
ln ( αβ) + 1 
β
ln t (7)
where α (μg/g.min) is the initial adsorption rate and β (g/μg) is
the sorption constant and is related to the surface coverage and
the activation energy for the chemical adsorption. These constants
can be calculated from the slop and intercept of the linear plot of
q t versus ln t [34] . The Elovich equation of q t versus ln t is shown
on Fig. 3 d. The values of α, β and R 2 are presented in Table 1 .
The experimental data had a good ﬁt with the Elovich equation as
indicated by R 2 values of 0.877–0.976. The initial adsorption rate
( α) was increased with increasing initial Cr(VI) concentration. This
implies the predominance of Cr(VI) adsorption on kenaf with as-
suming a multilayer adsorption, which every layer shows various
activating energy for chemisorptions [33] . 
3.6. Sorption equilibrium 
Generally, an adsorption isotherm is an inestimable curve de-
scribing the phenomenon governing the retention (or release) or
mobility of a compound from the aqueous porous media or aquatic
environments to a solid particles at a constant temperature and pH
[35,36] . Adsorption equilibrium (the ratio between the adsorbed
amounts with the value remaining in the solution) is based on ad-
sorbing of solid phase onto the adsorbent for suﬃcient time, when
adsorbate concentration in the bulk solution is in a dynamic bal-
ance with the interface concentration [35,37] . To describe, the in-
teraction between chromium(VI) molecules and kenaf surface, the
experimental equilibrium data were ﬁtted with several models. To
optimizing the adsorption process, identifying of the best isotherm
model is a critical issue. For this purpose, Langmuir, Freundlich and
Dubinin–Radushkevich (D–R) isotherm models were implemented
to the batch equilibrium data. 
3.6.1. Langmuir isotherm 
Langmuir adsorption equation was originally developed to de-
scribe gas–solid phase adsorption onto activated carbon. It wasased on three assumptions: (i) the adsorption sites are identical,
ii) the adsorption is limited to a ﬁnite (ﬁxed) number of deﬁnite
ocalized sites and (iii) all sites are energetically and sterically in-
ependent of the adsorbed quantity [36,38] . The linear form of the
sotherm is as follow: 
1 
q e 
= 
(
1 
K L q max 
)
1 
C e 
+ 1 
q max 
(8)
here q max (μg/g) is maximum adsorption capacity and K L is re-
ated to adsorption energy (l/μg). The amount of q max and K L can
e calculated from the intercept and slop of 1/ q e versus 1/ C e plot
 Fig. 4 a). The values of q max and K L for the adsorption of Cr(VI) on
enaf are listed in Table 2. 
The essential characteristics of the Langmuir isotherm which
lassiﬁed by a term R L , dimensionless constant separation factor or
quilibrium parameter, is necessary for determining whereas ad-
orption is favorable or unfavorable. R L is deﬁned as below [31,35] :
 L = 1 
1 + K L C 0 
(9)
here R L is separation factor (dimensionless), K L is Langmuir con-
tant and C 0 (μg/l) is the initial concentration of the adsorbate. The
ower value of the R L reﬂects that the adsorption is favorable. In a
eeper interpretation, R L value indicates the adsorption nature to
e either unfavorable ( R L > 1), linear ( R L = 1), favorable (0 < R L < 1)
r irreversible ( R L = 0). The value of R L presented in Table 2 , indi-
ated that the adsorption behavior of Cr(VI) onto kenaf is favor-
ble (0 < R L < 1). The adsorption capacity of Cr(VI) onto Hibiscus
annabinus kenaf was compared with other low cost adsorbents
nd listed in Table 3. 
.6.2. Freundlich isotherm 
Freundlich isotherm model is another common model which
s originally empirical in nature and describing the non-ideal and
eversible adsorption process. If the adsorption sites are more
han pollutant molecules then Freundlich isotherm can be used
or describing of just physical adsorption process. In contrary
ith monolayer Langmuir model, Freundlich model is a multilayer
odel which does not predict any saturation of the sorbent by sor-
ate [46] . It can be expressed in the following linear form: 
og q e = log k F + 1 
n 
log C e (10)
Freundlich isotherm is generally used in special cases for het-
rogeneous surface energy where it is characterized by the het-
rogeneity factor 1/ n . K F (μg/g(L/mg) 
1/n ) and n are Freundlich con-
tants which indicate sorption capacity and intensity, respectively
nd calculated from the intercepts and slopes of the Freundlich
lots of log q e against log C e ( Fig. 4 b). According to Table 2 , the n
alue is equal to unit which n value between 0 and 10 indicate the
eneﬁcial adsorptions [47] . The free energy change ( G ) of Cr(VI)
dsorption onto kenaf with knowing the K F amount, can be ob-
ained through following equation: 
G = −RT ln ( K F × 10 0 0 ) (11)
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a b
c
Fig. 4. Adsorption isotherm models of Cr(VI) on kenaf (a) Langmuir and (b) Freundlich and (c) Dubinin–Radushkevich models. 
Table 3 
Comparative evaluation of Langmuir adsorption capacities of kenaf vis other low cost adsorbent for Cr(VI) removal. 
Adsorbents pH Temp. ( °C) Adsorption capacity (mg/g) Reference 
Raw rice bran 5.0 25 0.07 [14] 
Palygorskite clay 7.0 25 58.5 [39] 
Maghemite nanoparticles 8.0 22.5 1.9 [40] 
Coconut shell charcoal 6.0 29 9 [41] 
Bauxite 2.0 20 0.5 [42] 
Modiﬁed oak sawdust 3.0 20 1.7 [43] 
Pinus brutia 2.0 40 69.4 [24] 
Oak wood char 2.0 25 3.03 [11] 
Activated slog 1.0 30 1.41 [44] 
Turkish coffee 6.0 Room temperature 1.63 [45] 
Hibiscus Cannabinus Kenaf 7 Room temperature 0.582 Present study 
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t  here R is the gas constant (0.00831447 kJ/K mol) and T is the
emperature (293 K). The negative free energy values ( Table 2 ) in-
icated that the adsorption process is spontaneous and feasible.
ase on correlation coeﬃcient ( R 2 = 0.997), the adsorption of
r(VI) onto kenaf followed both the Langmuir and Freundlich equa-
ions very well. 
.6.3. Dubinin–Radushkevich (D–R) isotherm model 
The constants of Langmuir and Freundlich isotherms did not
rovide anything about mechanism of adsorption. For that reason,
or explaining the adsorption type and mechanism, the equilibrium
ata were ﬁtted and described by D–R isotherm model [48] . It can
e expressed in the following linear form: 
n q = ln Q m − B DR ε 2 (12) here ε (Polanyi potential) = RT ln (1 + 1/ C e ), q is amount of Cr(VI)
dsorbed on unit mass of adsorbent (μg/g), Q m is the maximum
mount of adsorbed Cr(VI) under the optimum condition and B DR 
mol 2 /kJ 2 ) is constant with a dimension of energy. The parameters
 m and B DR obtained from the intercept and slope of ln q versus ε 
2 
 Fig. 4 c and Table 2 ). The mean energy of sorption, E , is calculated
s following: 
 = 1 √ 
−2 B DR 
(13) 
The magnitude of E is used to express the type of sorption reac-
ion (physical or chemical). When E parameter is less than 8 kJ/mol,
he adsorption process has physical in nature. The E value obtained
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Table 4 
Yoon–Nelson, Thomas and Bohart–Adams models parameters for adsorption of 
Cr(VI) onto kenaf in a ﬁxed-bed column. 
Yoon–Nelson model Thomas model Bohart–Adams model 
K YN τ R 
2 K TH q 0 R 
2 K BA N 0 R 
2 
0.085 27.2 0.959 0.17 21.48 0.959 0.068 9.75 0.772 
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w  was around 2.76 kJ/mol, indicated physisorption due to the weak
van der waals forces [4 8,4 9] . 
3.7. Column studies 
3.7.1. Breakthrough analysis 
The high chromium adsorption capacity of Hibiscus Cannabinus
kenaf has been demonstrated in the batch experiments. To eval-
uate the column performance for Cr(VI) adsorption by kenaf, the
continuous ﬂow experiments were carried out. In the continuous
ﬂow, at ﬁrst, the adsorbent at the top of a column saturates and
maximum removal takes place initially. The adsorption zone moves
down ward with passing time and reaches the exit of the bed,
which at this time the concentration of the adsorbate in the eﬄu-
ent becomes equal to the inﬂuent. A plot of eﬄuent and inﬂuent
concentration ratios ( C t /C 0 ) versus eﬄuent volumes ( V ) or elapse
time ( t ) is known as breakthrough curve. The shape and volume
of breakthrough curve are very important parameters for deter-
mining the operation and the dynamic conditions of an adsorption
column [50] . The recommended limit of Cr(VI) in drinking water
is 0.05 mg/l [51] and therefore in this study breakthrough point
time was deﬁned as the time when the Cr(VI) concentration in the
outlet reaches 0.05 mg/l. The column capacity at the breakthrough
point is determined from the following equation: 
q b = 
C 0 
m 
∫ V b 
0 
(
1 − C t 
C 0 
)
dV (14)
where q b is the column capacity at breakthrough point (mg/g), m
is the adsorbent mass (g), C 0 and C t are the initial and eﬄuent
adsorbate concentration (mg/l), respectively, and V b is the volume
processed at breakthrough point (l). The number of bed volumes
(BV) processed before the breakthrough point is an important pa-
rameter in evaluation of adsorbent performance and BV is used in
total cost of ﬁxed bed [52] . The number of bed volumes (BV) is
deﬁned by the following: 
number of bed volumes (BV) 
= volume of water treated at breakthrough point, ml 
volume of adsorbent bed, ml 
(15)
Adsorbent exhaustion rate (AER) is another bed performance in-
dicator which is used in the operating costs of the adsorbent col-
umn [52] . AER is deﬁned as the mass of adsorbent deactivated per
volume of liquid treated at breakthrough which is given by the fol-
lowing: 
adsorbent exhaustion rate (AER) 
= mass of adsorbent in column, g 
volume treated at breakthrough, ml 
(16)
The breakthrough curve of Cr(VI) adsorption by Hibiscus
Cannabinus kenaf at ﬁxed ﬂow rate of (2 ml/min) and at ﬁxed bed
height of 15 cm is shown in Fig. 5 . The volumes of water processed
( V b ) at breakthrough point was 45 ml and the number of bed vol-
umes (BV) processed at this point was 13. The breakthrough ca-
pacity ( q b ) was found to be 9.2 μg/g at empty bed contact time of
2.96 min. It is evident from Fig. 5 that the breakthrough curve was
not very steep which means that the exhaustion of the bed was
not very fast. Total adsorbed Cr(VI) ( q total ; μg) in the column for a
given inﬂuent concentration and ﬂow rate is calculated from the
following: 
q total = 
QA 
10 0 0 
= Q 
10 0 0 
∫ t= total 
t=0 
C ad dt (17)
Which A is area under the breakthrough curve of adsorbate
concentration ( C ) versus ﬂow time ( t ) [53] . ad The total amount of inlet Cr(VI) ion to the column ( m total ) was
alculated from the following equation [54] : 
 total = 
Q C 0 t total 
10 0 0 
(18)
Total Cr(VI) removal was obtained from the ratio of total
mount of adsorbed Cr(VI) to total inlet Cr(VI) ion to the column
s following equation [55] : 
otal removal(%) = q total 
m total 
× 100 (19)
Equilibrium adsorption studies provide information about the
mount of required adsorbent to adsorb a unit mass of contam-
nant under the ﬂow through condition. Equilibrium adsorption
 q eq ) is deﬁned by Eq. (20) as the total amount of Cr(VI) sorbed
er g of sorbent ( X ) at the end of total ﬂow time. 
 eq = q total 
X 
(20)
In this study, the values of q total , m total , Total removal, and q eq 
t ﬁxed inﬂuent concentration ( C 0 ) of the feed (0.5 mg/l) and ﬁxed
ow rate (2 ml/min) were 0.0466 mg, 0.09 mg, 52% and 21 μg/g, re-
pectively. The equilibrium adsorption capacities of the Hibiscus
annabinus kenaf in column and batch experiments for the same
nitial Cr(VI) concentration (0.5 mg/l) are equal. This may due to
eason that the pores of the Hibiscus Cannabinus kenaf favor im-
roved solid state diffusion in ﬁxed bed column as same as batch
peration [56] . In this study, three mathematical models; Yoon–
elson, Thomas and Bohart–Adams were used to match the exper-
mental data of breakthrough behaviors of Cr(VI) adsorption onto
enaf and model data. 
.7.2. The Yoon–Nelson model 
The Yoon–Nelson’s model is a relatively simple model that is
ased on the adsorption of vapors or gases on solid sorbents such
s activated coal [57] . This model is based on the assumption that
he rate of decrease in the probability of adsorption for each ad-
orbate molecule is proportional to the probability of adsorbate
dsorption and the probability of adsorbate breakthrough on the
dsorbent [57] . The Yoon–Nelson model for a single component
ystem can be expressed as: 
C t 
C 0 −C t 
= exp ( K Y N t − τK Y N ) (21)
here k YN is the rate constant (min 
−1 ) and τ is the time re-
uired for 50% adsorbate breakthrough (min). A linear plot of
n[ C t /( C 0 −C t )] against t determined the values of k YN and τ from
he intercept and slope of the plot (plot not shown). The ﬁt-
ed breakthrough curves by the Yoon–Nelson model is shown in
ig. 5. The Yoon–Nelson model rate constant ( k YN ), the correlation
oeﬃcient R 2 and the value of τ calculated is presented in Table 4 .
he R 2 value is 0.959 which indicated that the Yoon–Nelson model
s highly valid for Cr(VI) adsorption by Hibiscus Cannabinus kenaf
nd closely represents the experimental breakthrough curve. 
.7.3. The Thomas model 
Thomas model assumes plug ﬂow behavior in the column and
as used to assess the capacity of the adsorbent in a ﬁxed bed
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Fig. 5. Comparison of the experimental and predicted breakthrough curve according to the Yoon–Nelson and Thomas models. Conditions: ﬂow rate = 2 ml/min; bed mass = 
2.2 g; initial Cr(VI) concentration = 0.5 mg/l. 
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Fig. 6. Comparison of the acid and base washing on the % Cr(VI) desorption from 
kenaf and regeneration eﬃciency. 
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e  olumn [58] . The Thomas model is based on the following assump-
ion: (i) the mass transfer at the interface limited the adsorption
rocess and it is not limited by chemical interactions and (ii) the
rocess data follows Langmuir isotherms and second-order kinet-
cs [59] . The maximum adsorption capacity of the column could be
alculated by Thomas model. The equation of the Thomas model
ould be expressed as follows: 
C t 
C 0 
= 1 
1 + exp 
(
k TH q 0 m 
ν − k T H C 0 t 
) (22) 
here k Th is Thomas rate constant (ml/min mg); q 0 is equilibrium
dsorption capacity (mg/g); m is the amount of absorbent in the
olumn (g); C 0 and C t are the Cr(VI) concentration in the inﬂu-
nt and at time t , respectively (mg/l); v is the ﬂow rate (ml/min).
he values of k TH and q 0 as determined from slope and intercept
f the plot (plot not shown) of ln ( C 0 / C t −1) versus time ﬂow ( t ).
he ﬁtted breakthrough curves by the Thomas model is shown in
ig. 5 . The Thomas parameters were calculated by linear regres-
ion analysis and are shown in Table 4 . The R 2 value is 0.959
hich indicated that the Thomas model is also highly valid for
r(VI) adsorption. The q 0 value (21.48 μg/g) is completely in consis-
ent with the experiment value q eq (exp) (21 μg/g). This may be due
o it closely agreement with the Langmuir thermodynamics equa-
ion [60] and good kinetics [61] for Cr(VI) adsorption on Hibiscus
annabinus kenaf. Based on R 2 values comparison, both the Yoon–
elson and Thomas models could be applied to predict adsorption
erformance for adsorption of Cr(VI) in a ﬁxed-bed column and
his results are in agreement with Chen et al. [7] . On the other
and, the Bohart and Adams model was not enough match with
xperimental adsorption data ( R 2 = 0.77) (data were not shown for
ohart and Adams model). 
.8. Desorption of Cr(VI) and regeneration of the adsorbent 
Sorption of solute on the adsorbent can occur via physical
onding, ion-exchange or combination of both. In case of sorp-
ion by chemical bonding or ion-exchange or combination of the
oth, the solute can be desorbed effectively by strong desorbents
ike acid or alkali solutions. Desorption of Cr(VI) from adsorbent
s very important in view of industrial applications. In this study,
r(VI) desorption was performed using 0.5 M NaOH and 0.5 M HClolutions in batch mode for 30 min. It was observed that 100 ml of
.5 M HCl was suﬃcient for 92% Cr(VI) desorption for the men-
ioned contact time ( Fig. 6 ). However, at the same conditions,
bout 88% Cr(VI) was desorbed for 0.5 M NaOH. After desorption
nd rising the adsorbent with distilled water, the adsorbent was
sed for adsorption of Cr(VI) with different initial concentration
0.5–10 mg/l) at equilibrium time and results are shown in Fig. 6 .
s can be seen, acid washing was better than base washing and
he sorption Cr(VI) was found to be 89 and 45% for initial con-
entration of 0.5 and 10 mg/l in ﬁrst use and was 87 and 35% for
nitial concentration of 0.5 and 10 mg/l in 2nd use acid washing,
espectively. Desorption of Cr(VI) from Cr(VI) laden Tamarindus in-
ica seeds (TS) was more favored by NaOH than distilled water and
Cl [62] . The adsorption capacity decreases slightly in the 2nd use
specially in higher initial concentration when compared with the
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 ﬁrst cycle. Similar results were observed for the adsorption of Cr 6 + 
and pb 2 + by red mud [56] and Cr(VI) adsorption on crosslinked
chitosan–Fe(III) complex [50] . 
4. Conclusions 
This study deal with the adsorption of Cr(VI) on Hibiscus
Cannabinus kenaf from aqueous solutions using batch and continu-
ous mode experiments. This kenaf can be used as an effective and
low cost adsorbent for the removal of Cr(VI) ions from aqueous so-
lutions. The following conclusions were drawn from the results of
this study: 
• Hibiscus Cannabinus kenaf was used with a facile activation
treatment which decreases the sorption costs. 
• The maximum adsorption capacity ( q max = 582 μg/g) was ob-
served at near circumneutral pH (pH ∼= 7). 
• The adsorption of Cr(VI) on kenaf reached equilibrium at
90 min contact time. 
• The adsorption kinetic was described well by the intraparti-
cle diffusion model, indicating that the adsorption process is
almost intraparticle diffusion and intraparticle diffusion is the
rate controlling step of the adsorption process. 
• The equilibrium data ﬁtted well to the both Langmuir and Fre-
undlich isotherm models. 
• Based on R 2 values comparison, both the Yoon–Nelson and
Thomas models could be applied to describe well the exper-
imental breakthrough curve for the adsorption of Cr(VI) in a
ﬁxed-bed column. 
• The spent adsorbent can be chemically regenerated very well
by treating it with 0.5 M HCl. 
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